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Abstract Calcium ion binds reversibly with cytochrome c
oxidase from beef heart mitochondria (KdV2 WM) shifting K-
and Q-absorption bands of heme a to the red. Two sodium ions
compete with one Ca2+ for the binding site with an average
dissociation constant

KNa1 UK
Na
2
q
V3.6 mM. The Ca2+-in-
duced spectral shift of heme a is speci¢c for mammalian cyto-
chrome c oxidase and is not observed in bacterial or yeast aa3
oxidases although the Ca2+-binding site has been revealed in the
bacterial enzyme [Ostermeier, C., Harrenga, A., Ermler, U. and
Michel, H. (1997) Proc. Natl. Acad. Sci. USA 94, 10547^
10553]. As His-59 and Gln-63 involved in Ca2+ binding with
Subunit I of P. denitri¢cans oxidase are not conserved in bovine
oxidase, these residues have to be substituted by alternative
ligands in mammalian enzyme, which is indeed the case as
shown by re¢ned structure of bovine heart cytochrome oxidase
(S. Yoshikawa, personal communication). We propose that it is
interaction of Ca2+ with the species-speci¢c ligand(s) in bovine
oxidase that accounts for perturbation of heme a. The Ca2+/
Na2+-binding site may be functionally associated with the exit
part of ‘pore B’ proton channel in subunit I of mammalian
cytochrome c oxidase.
z 1998 Federation of European Biochemical Societies.
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1. Introduction
Cytochrome c oxidase (COX) is a terminal oxidase of mi-
tochondria and many bacteria. It catalyses electron transfer
from ferrocytochrome c to oxygen coupled to transmembrane
proton pumping (reviewed [1,2]). In addition to 5 transition
metal ions in the redox centres of the enzyme (CuA binuclear
center, CuB, hemes a and a3), the enzyme contains tightly-
bound non-redox metal ions ^ Zn2 and Mg2 (or Mn2)
[3,4].
More than 20 years ago Wikstrom and collaborates discov-
ered that Ca2 shifts absorption spectrum of reduced heme a
to the red in rat liver and bovine heart COX [5,6]. The ¢nding
was con¢rmed by P. Nicholls [7] and, later on, in this group
[8]. Reversal of the spectral perturbation of heme a induced by
adventitious Ca2 is likely to account for some of the ATP-
dependent spectral changes of COX not associated with en-
ergization of the membrane [8,9].
Ionic speci¢city of the calcium e¡ect is peculiar. It was
reported initially that none of other metal cations including
Eu3, La3, Mg2, Sr2, Zn2, Ba2, Na, K or Li could
mimick or in£uence the Ca2-induced shift [10], but a very
similar shift, mutually exclusive with the calcium-dependent
one, was induced by protons [5,6,10,11]. It was proposed
that Ca2 and H compete for binding with the carboxylic
group of propionate substituent in heme a [10]. In variance
with [10], the Ca2-induced spectral shift was found later on
to be reversed and prevented by sodium ions [12]. Such an
ionic speci¢city (Ca2/Na/H) could indicate competition of
Ca2, Na and hydronium cation (H3O) for coordination
site (cf. [13]), rather than ionic binding of the metal ions
and proton with a single carboxylic group.
Here we show that 1 Ca2 competes with 2 Na for binding
with bovine COX and give evidence for competition of Na
with protons or H3O. Unexpectedly, we have found that the
Ca2-induced shift is speci¢c for the mammalian enzyme and
is not observed with highly homologous oxidases from bac-
teria or yeast. The latter ¢nding indicates non-equivalence of
the Ca2-binding sites in Subunits I of bacterial and mamma-
lian COX revealed during recent re¢nement of the crystal
structure of the enzyme (Ref. [14], Yoshikawa, personal com-
munication).
2. Materials and methods
CaCl2U2H2O was from Sigma. Na2SO4 (‘special purity’ grade)
from ‘Reachim’. Other chemicals and biochemicals were purchased
from Serva, Sigma and Merck. Concentration of Ca2 in stock sol-
utions was checked with murexide titration. COX from beef heart
mitochondria was isolated by the method of Fowler et al. [15] with
additional puri¢cation [16,17]. Yeast COX from Saccharomyces cere-
visiae was isolated according to [18]. The aa3-type histidine-tagged
COX from Rhodobacter sphaeroides was puri¢ed on the Ni2-column
(Quiagen) [19] from the membranes kindly provided by D. Mitchell
(laboratory of R. Gennis, University of Illinois at Urbana-Cham-
paign) and Paracoccus denitri¢cans COX was a kind gift from Dr.
B. Ludwig. Absorption spectra have been recorded in an Aminco-
SLM 2000 UV/VIS dual wavelength/double beam spectrophotometer
in standard 1-cm rectangular optical cells. COX concentration was
determined from the di¡erence (reduced minus oxidized) absorption
spectra using extinction coe⁄cient of 27 mM31cm31 for vA605ÿ630
[20].
3. Results
As shown in Fig. 1, Ca2 brings about changes in both
visible and Soret bands of the absorption spectrum of bovine
heart COX. The lineshape and magnitude of the changes are
similar to those reported earlier [6,8,10,12] and indicate a
small shift of heme a absorption bands to the red as con-
¢rmed by spectra simulations (not shown). The shift can be
fully reversed by EGTA or other chelators (not shown) and
titrates by Ca2 with an apparent Kd that varied in di¡erent
experiments around 2 WM (1.3^3 WM) (Fig. 2A). This value is
signi¢cantly less than 20^30 WM as reported earlier [6,12]. The
e¡ect of Ca2 on heme a is reversed by Na and, in the
presence of added Na, more Ca2 is required to saturate
the spectral shift (Ref. [12], and see below). Presumably, so-
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dium ions were not excluded from reaction mixture in earlier
titrations of the Ca2-induced red shift of COX and this ex-
plains the high apparent Kd values obtained.
As shown in Fig. 2B, e¡ective a⁄nity of COX for Ca2
decreases as a regular function of Na concentration. Re-
markably, the KeffdCa=Na plot is not linear but rather fol-
lows square dependence indicating competition of 1 Ca2 with
2 Na. Non-linear regression analysis of the data assuming
2 independent Na-binding sites, each competing with Ca2
KCaeff  KCaU1 Na=KNa1  Na=KNa2 
Na2=KNa1 UKNa2  1
gives the values of K1 and K2 for the two sodium-binding sites
of 1 mM and 15 mM. However, a reasonably good ¢t is
actually obtained for any pair of K1,K2 values within the 1^
15 mM range with a mean geometrical

K1K2
p
V3.6 mM (e.g.
dashed line in Fig. 2B). Extrapolation of the dependence in
Fig. 2B to zero [Na] gives Kd for Ca2 of 2 WM which agrees
well with the values directly observed in the titrations without
added Na (e.g. Fig. 2A).
Although Na competes with Ca2, it does not a¡ect itself
the spectrum of the Ca2-free COX at neutral or alkaline pH
[12]. However, at acidic pH, Na brings about a blue shift of
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Fig. 1. E¡ect of Ca2 on the absorption spectrum of cytochrome c
oxidase from di¡erent species. 1.5 WM COX from bovine heart, bac-
teria or yeast was incubated for 20^30 min in the bu¡er containing
50 mM Tris-HCl pH 8, 0.045% n-dodecyl-L-maltoside and 50 WM
EGTA-Tris. Subsequently, 2 mM KCN, 5 mM potassium ascorbate
and 100 WM N,N,NP,NP-tetramethyl-p-phenylenediamine have been
added to convert the enzyme to mixed-valence state (a2a33 -CN).
The resulting mixture was divided between the sample and reference
cells and the baseline was recorded. The di¡erence spectra show ab-
sorption changes induced by addition of 1 mM Ca2 to the sample.
Fig. 2. Competition between Ca2 and Na for binding with COX. A: Titration of the heme a2 spectral shift with Ca2. Bovine COX (1.5
WM) in 50 mM Tris-MES bu¡er pH 8 with 0.045% n-dodecyl-L-maltoside was reduced by 5 mM potassium ascorbate+0.1 mM N,N,NP,NP-tetra-
methyl-p-phenylenediamine in the presence of 2 mM KCN. The spectral shift of heme a has been titrated by addition of known concentrations
of CaCl2 in the presence of 10 mM potassium nitrile triacetate (NTA) as Ca2-bu¡er. Concentration of free Ca2 at a given concentration of
the added cation has been estimated using Kd(Ca) of 24 WM for NTA at pH 8 (calculated from pH-independent pKCa = 6.5 and pKH = 9.8
[33]). vApeakÿtoÿtrough in the di¡erence spectra induced by Ca2 in the visible and Soret band are given normalized to the maximal response ob-
served at saturating concentrations of free Ca2. The experimental points have been approximated by a hyperbolic curve for a single type of
binding site with Kd of 1.3 WM. B: Apparent dissociation constant for Ca2 as a function of Na concentration. Spectral shift of COX was ti-
trated by Ca2 (without NTA bu¡er at [Na]s 10 mM) in the presence of di¡erent concentrations of added Na2SO4. The concentration de-
pendence was linearized to ¢nd apparent Kd values for Ca2 and the values found have been plotted as a function of sodium concentration.
Assuming a model with 2 independent binding sites for sodium ions (Eq. 1), the points are best ¢tted with K1 and K2 for Na of 1 and 15
mM, respectively, and Kd for Ca2 of 2 WM (solid line), but a good ¢t is obtained also for K1 = K2 = 3.6 mM (dotted line).
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ferrous heme a absorption band which titrates with
[Na]1=2V120 mM at pH 5.5 (Fig. 3). This observation is
consistent with the proposal that H (or H3O [12]) binds
with COX at the same site as Ca2 and induces a similar
red shift of heme a [10]. Accordingly, Na may be expected
to compete with both proton and calcium and to reverse the
red shift of heme a induced by protonation as it reverses the
Ca2-induced e¡ect. According to our observations (experi-
ments in collaboration with Drs. A. Musatov and V. Berka
in the Institute of Experimental Physics, Kosice, Slovakia), pK
of the group in the reduced and mixed-valence COX is V5.5,
that is about 1/2 pH unit more acidic than the values reported
by Saari et al. [10]. This explains why our previous attempts
to reverse the proton-induced red shift of heme a by Na
performed at pH 6, in accordance with pK reported by the
Helsinki group [10], gave negative results [12].
To our surprise, Ca2 in concentrations up to 10 mM does
not perturb the spectrum of highly homologous aa3 oxidases
from bacteria (R. sphaeroides, Fig. 1; P. denitri¢cans, data not
included) and yeast (Fig. 1). Also addition of a large excess of
EGTA or Na to COX from R. sphaeroides, P. denitri¢cans
or S. cerevisiae did not induce a blue shift of heme a ; this
excludes the possibility that the spectral shift is fully devel-
oped in the bacterial/yeast enzyme due to adventitious Ca2
prior to addition of the external cation. Apparently, either
Ca2 does not bind bacterial/yeast COX or the binding does
not a¡ect the spectrum of heme a.
4. Discussion
4.1. Relationships between Ca2+, Na+ and H+ (or H3O
+)
Our data con¢rm competition between Ca2 and Na for
binding with COX [12] and indicate that 1 Ca2 competes
with 2 Na ions. Evidence for competition between Ca2
and H was given earlier [10]. Finally, a blue shift of heme
a induced by Na at acid pH (Fig. 3) may point to competi-
tion between Na and H (or H3O).The simplest interpre-
tation is that all the 3 cations compete for the same binding
site in COX.
4.2. Identity of the Ca2+/Na+-binding site
The original conclusion that Ca2 and H bind to carbox-
ylic group of the propionate substituent in heme a is not
corroborated by our data and is di⁄cult to reconcile with
the 3D structure of bovine COX [21].
After this work was done, a new metal (supposedly Ca2)
binding site has been revealed in Subunit I of COX from P.
denitri¢cans [14] and bovine heart (S. Yoshikawa, personal
communication). The site is formed essentially by the residues
at the P-side end of transmembrane helix I and is much closer
to heme a than to heme a3 which accords with the perturba-
tion of the spectrum of heme a but not of heme a3 by calcium.
Although Ca2 itself has not been resolved unambiguously in
the crystal structure at 2.7 Aî resolution, it is most probably
bound at this site [14], at least in bovine COX where the locus
structure has been re¢ned to 2.3 Aî resolution (S. Yoshikawa,
personal communication).
It is remarkable that while the new cation binding site is
found in both bacterial and bovine COX, the Ca2-induced
spectral shift is observed in the mammalian enzyme only. That
the Ca2-binding site in the 3D structure is totally di¡erent
from the one responsible for the spectral shift cannot be ruled
out formally but is very unlikely. Rather our data indicate
that the Ca2-sites in the bacterial and mammalian enzymes
are not identical. Indeed, whereas Glu-56 and Gly-61 pro-
posed to donate 3 of the 5 coordination bonds to Ca2 in
P. denitri¢cans [14] are conserved in Subunit I of bovine
COX (Glu-40 and Gly-45, respectively), the Paracoccus resi-
dues His-59 and Gln-63 do not have counterparts in mamma-
lian COX. Accordingly, at least one coordination bond to
Ca2 in bovine COX is provided by a residue from the helix
XI^XII loop of Subunit I (Yoshikawa, personal communica-
tion). Sequence alignment shows that this residue is missing
not only in the bacterial, but also in yeast and plant COX.
Thus the species speci¢city of the Ca2-induced spectral shift
matches that of the metal binding site structure and suggests
that it is interaction of Ca2 with the non-conserved residue in
the XI^XII loop which is a prerequisite for speci¢c perturba-
tion of heme a spectrum in mammalian COX.
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Fig. 3. Reversal of the proton-induced red shift of heme a by Na. Inset: a blue shift of heme a induced by addition of 200 mM NaCl to di-
thionite-reduced COX (1.1 WM) at acid pH. The bu¡er contained 25 mM MES+25 mM acetate/KOH pH 5.3, 200 mM KCl and 300 WM po-
tassium EDTA. Main panel: concentration dependence of the Na-induced blue shift shown in the inset. Conditions the same as in the inset,
except that pH is 5.5.
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4.3. Which cation occupies the Ca2+-binding site in COX
under physiological conditions?
According to our experience, adventitious Ca2 in solutions
kept in glassware can be as high as 5^10 WM, unless special
precautions are taken. As Ca2 a⁄nity of COX corresponds
to KdV2 WM, the metal binding site in bovine COX is likely
to be almost saturated by Ca2 in vitro, if chelators or Na
are not present in the bu¡ers. On the other hand, cytoplasmic
free Ca2 is typically about 0.1 WM and usually does not rise
above 1 WM [22]. This is well below a⁄nity of COX for Ca2
(note that it is cytoplasmic rather than intramitochondrial
calcium that interacts with COX as demonstrated by Wik-
strom and Saari [6] and con¢rmed by location of the site in
3D structure) (Ref. [14], S. Yoshikawa, personal communica-
tion). Moreover, at cytoplasmic concentration of Na (5^10
mM), e¡ective Kd for Ca2 will rise to 15^35 WM (Ref. [12],
Fig. 2B). These considerations question occupation of the
cation-binding site by Ca2 in vivo. At the same time, a⁄nity
for Na (K1V1 mM, K2V15 mM, or

K1K2
p
V3.6 mM)
suggests at least partial saturation of the ‘Ca2-binding site’
in COX with sodium ions in the cell. The situation is compli-
cated by a possibility of energy-linked increase in a⁄nity of
the site for cations. There is some evidence for energy-linked
protonation of the site [5,6], but energy-dependence of Ca2
or Na binding with COX remain to be studied.
4.4. What is the functional role of the Ca2+/Na+-binding site?
We are not aware of any salient e¡ect of Ca2 on enzymatic
characteristics of COX and functional signi¢cance of the new
metal-binding site remains to be established. Inspection of the
bovine COX structure [21] shows that the site is close to the
unique stretch of residues 46^51 (TLLGDD) in the helix I^II-
connecting loop of Subunit I in bovine COX. This stretch is
not conserved in bacteria and even in yeast or higher plant
COX and undergoes a redox-linked structural change (move-
ment of Asp-51) as mentioned by S. Yoshikawa at a number
of conference talks. We have also noticed proximity of the
cation-binding site/Asp-51 locus to the exit of ‘pore B’, a
putative ‘third’ proton channel interacting speci¢cally with
heme a (cf. Fig. 10B in [21]). It is tempting to suggest that
the unique Ca2/Na/H (H3O)-binding site in bovine COX
is linked functionally to the exit proton pathway of pore B.
Association of the Ca2 binding site in COX with the exit
proton well was considered originally by Wikstrom and col-
laborates [6,10]. It can be speculated that mammalian COX, a
heavy-duty proton pump, has a unique highly optimized exit
proton pathway. The original cation-binding site present al-
ready in bacterial COX [14] could have been transformed by
evolution to acquire a new structure associated with stabiliza-
tion/regulation of this exit proton pathway in the mammalian
COX. It is noteworthy that Na ions have been reported to
inhibit proton pumping by COX in mitochondria [23]. Inci-
dentally, since concentration of sodium ions was not speci¢-
cally controlled in most previous studies of COX, variable
stoichiometry of proton pumping by COX as reported by
di¡erent authors (e.g. [24]) could be partly accounted for by
variation in [Na] concentrations.
Finally, it is tempting to relate the discussion above with
potential inter-replaceability of Na and H in the ion-con-
ducting channels of energy-transducing enzymes (reviewed
[25^27]). There is evidence for active translocation of Na
directly coupled to operation of terminal respiratory oxidases
in several bacteria [28^31]. Perhaps in mitochondrial cyto-
chrome c oxidase, ‘pore B’ could operate not as a strictly
H-speci¢c proton-hopping pathway (an array of protonat-
able protein groups) as proposed for ‘pores A and C’ or D-
and K-proton channels, respectively [3,14,21], but rather like a
gramicidin-type water-¢lled channel capable of conducting
H/H3O or Na (see [13,32] and discussion therein). De-
pending on physiological needs, COX could use pore B for
Na/H antiport (e.g. [31]) or Na-pumping (cf. [26,28^30]).
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